We recently reported that bone marrow-derived dendritic cells (DC) from aged miced are less effective than their young counterparts in inducing the regression of B16-ovalbumin (OVA) melanomas. To examine the underlying mechanisms, we investigated the effect of aging on DC tumor antigen presentation and migration. Although aging does not affect the ability of DCs to present OVA peptide (257)(258)(259)(260)(261)(262)(263)(264) , DCs from aged mice are less efficient than those from young mice in stimulating OVA-specific T cells in vitro. Phenotypic analysis revealed a selective decrease in DC-specific/intracellular adhesion molecule type-3-grabbing nonintegrin (DC-SIGN) level in aged DCs. Adoptive transfer experiments showed defective in vivo DC trafficking in aging. This correlates with impaired in vitro migration and defective CCR7 signaling in response to CCL21 in aged DCs. Interestingly, vaccination of young mice using old OVA peptide (257-264) -pulsed DCs (OVA PP-DC) resulted in impaired activation of OVA-specific CD8 + T cells in vivo. Effector functions of these T cells, as determined by IFN-; production and cytotoxic activity, were similar to those obtained from mice vaccinated with young OVA PP-DCs. A decreased influx of intratumor CD8 + T cells was also observed. Importantly, although defective in vivo migration could be restored by increasing the number of old DCs injected, the aging defect in DC tumor surveillance and OVA-specific CD8 + T-cell induction remained. Taken together, our findings suggest that defective T-cell stimulation contributes to the observed impaired DC tumor immunotherapeutic response in aging. [Cancer Res 2008;68(15):6341-9] 
Introduction
Increased susceptibility to malignancies, infections, autoimmune diseases, and a poor response to immunization in the elderly have been taken as indicative of declining immune function in aging. Immunosenescence, the progressive deterioration in immune function that accompanies aging, results from the alteration of both adaptive and innate immunity. With advancing age, T cells undergo major changes including a shift from the naive to memory phenotype, a reduction in the proliferation response, and impaired cytolytic activity (1, 2) . However, the recognized changes in T lymphocyte function may not completely explain the defect in immune responsiveness observed in old age, and other members of the immune system may play an equally important role in contributing to immunosenescence.
Dendritic cells (DC) form a distinct heterogeneous hematopoietic lineage of antigen-presenting cells (APC) with unique abilities to stimulate naïve T lymphocytes (3, 4) . DCs are derived from bone marrow progenitors and reside in peripheral tissues or in circulation as phagocytic immature precursors. DCs acquire a terminally mature phenotype (tDC) on uptake of antigen and in response to stimuli such as cytokines, necrotic cells, and microbial products, enabling them to migrate to secondary lymphoid tissues where they present antigen to T cells and induce antigen-specific responses. Due to their central role in immunology, DCs represent a potent adjuvant for use in tumor vaccination protocols (5, 6) . Because the elderly are preferentially affected by diseases targeted by DC-directed immunotherapy, it will be critical to understand how aging affects DC functions as well. Data on qualitative and quantitative alterations of human and murine DCs in aging have recently been summarized (7) (8) (9) and have shown that the results of such studies are often contradictory and difficult to compare because the origin of the cells, their culture conditions, and maturation protocols vary greatly.
Recent studies comparing the efficacy of young bone marrowderived DC vaccines in young and old mice suggested that the aging microenvironment affects the DC antitumor response (10, 11) . Using young hosts, we reported that ovalbumin peptidepulsed DCs (OVA PP-DC) from old C57BL/6 mice were less effective than their young counterparts in inducing the regression of B16 melanomas expressing OVA (B16-OVA; ref. 12) . This implies that an intrinsic functional defect(s) also exists in aged DCs. Effective DC vaccination involves first the appropriate uptake and processing of tumor-associated antigens, then DC trafficking to regional draining lymph nodes, and finally interaction and activation of antigen-specific CTLs. In the present study, we therefore examined the effect of aging on these three specialized DC functions.
Materials and Methods
Animals. Young (3-6 mo) and old (18-20 mo) C57BL/6 mice were purchased from Harlan Laboratory, and OVA-specific MHC-I-restricted, T-cell receptor-transgenic young C57BL/6 mice (OT-I mice) were from The Jackson Laboratory.
Generation and purification of DCs. Erythrocyte-depleted bone marrow cells flushed from femurs and tibiae of mice were cultured at 1 Â 10 6 /mL in the presence of 20 ng/mL murine recombinant granulocyte macrophage colony-stimulating factor and interleukin (IL)-4 (R&D Systems) in complete RPMI 1640 as before (13) . DCs were purified from 5-d cultures using CD11c + microbeads (Miltenyi Biotec). To generate mature cells, DCs were replated with 1 Ag/mL lipopolysaccharide (LPS; Sigma) for 24 h.
FITC-OVA uptake. DCs (5 Â 10 5 ) were loaded with 0.1 and 1 mg/mL FITC-OVA protein (Sigma) or 10 Ag/mL FITC-OVA-peptide (257-264) (University of Michigan Protein Facility Core, Ann Arbor, MI) for the indicated time at 37jC or 4jC (background). Cells were stained with phycoerythrin (PE)-anti-MHC class I antibody (BD PharMingen) and analyzed by flow cytometry.
Analysis of DC migration in vivo. Young and old tDCs were stained with CMPTX or carboxyfluorescein diacetate succinimidyl ester (CFSE) dyes (Molecular Probes) according to the manufacturer's instructions. Equal number or an indicated ratio of cells from each age group was mixed together and injected s.c. into the footpads of young mice. Draining lymph nodes were harvested 24 h later, embedded in optimum cutting temperature compound (Sigma), and snap-frozen. Serial 5-Am sections were made and the frequency of stained cells assessed in a blinded fashion by fluorescence microscopy (Olympus BX61 microscope). Results are expressed as the percent of injected DCs present per microscope field.
Chemotaxis assay. DCs (2.5 Â 10 5 in 0.1 mL) were plated in the upper chamber of a 5-Am pore size transwell (Costar). Indicated concentrations of recombinant mCCL21 (R&D Systems) were added to the lower wells of the chamber. Plates were incubated at 37jC for 2 h, and 10 4 15-Am beads (Bangs Laboratories) added to standardize the results. Cells and beads were quantitated by flow cytometry, and the number of cells in each sample calculated using the formula (number of cell events / number of bead events) Â 10 4 . The chemotaxis index was calculated as the ratio between the cell number migrated in response to CCL21 and the cell number migrated to the medium alone.
Cell surface analysis. Analysis of DC surface markers was done with a FACSCalibur (Becton Dickinson) as previously described (12) using the antibodies I-A b -PE, CD40-PE, CD80-PE, CD54-FITC, CD86-PE, CCR7-PE, and DC-SIGN-biotin, followed by streptavidin-PE (BD PharMingen). Data analysis was done using FCS Express (De Novo Software).
Western immunoblotting. Young and old tDCs were exposed to 500 ng/mL mCCL21. At the indicated times, aliquots were taken and dissolved in 1% SDS, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L EDTA, 1 mmol/L N-ethylmaleimide, and 2 mmol/L sodium orthovanadate. The proteins were separated by SDS-PAGE on 10% acrylamide gels and transferred onto nitrocellulose membranes. Western blots with the global anti-phosphotyrosine antibody 4G10 (Millipore) were realized as previously described (14) .
Proliferation assays. DCs were pulsed with or without (background) OVA peptide (257-264) at 10 Ag/mL for 6 h at 37jC, irradiated (3,000 rad), and titrating numbers incubated with 0.1 Â 10 6 freshly isolated CD8 + T cells from OT-I mice. Proliferation of T cells was measured by uptake of [ Pentamer and intracellular IFN-; staining. Splenocytes from immunized mice were depleted of CD19 + cells using microbeads (Miltenyi Biotec). Fluorescence-activated cell sorting (FACS) staining was done using SIINFELK Kb pentamers (OVA-Pent, Proimmune) according to the manufacturer's instructions. Briefly, cells were stained with PE-OVA-Pent for 30 min at room temperature, washed, and then incubated with RPEAlexa Fluor 647-antimouse CD8a or RPE-Alexa Fluor 647-control monoclonal antibodies (mAb; BD Biosciences). For IFN-g intracellular staining, cells were untreated or stimulated with OVA peptide (257) (258) (259) (260) (261) (262) (263) (264) in the presence of brefeldin (10 Ag/mL), fixed with 4% paraformaldehyde; washed with buffer containing 0.1% saponin, 1% fetal bovine serum, and 0.1% sodium azide; and stained with PE-OVA-Pent along with FITC-CD8 and PE-Cy7-anti-IFN-g antibodies (BD Biosciences). Cells to be activated were stained with the OVA-Pent antibody before activation. Samples were analyzed by flow cytometry, gating on live lymphocytes and CD8 + cells, and acquiring 150,000 events per sample.
Enrichment of IFN-; + cells. Selective enrichment of IFN-g-producing CD8
+ T cells was done with the IFN-g secretion assay from Miltenyi Biotec according to the manufacturer's instructions. Briefly, day 6 cultured splenocytes from immunized mice were challenged with OVA peptide (257-264) for 6 h and then labeled for 5 min at 4jC with a bispecific antibody-antibody conjugate directed against CD45 and IFN-g. Afterward, cells were allowed to secrete IFN-g at 37jC for 45 min before staining with PE-anti-IFN-g mAb. Cells were then labeled for 15 min at 4jC with anti-PE antibody microbeads, and PE-IFN-g + cells were enriched by magnetic cell sorting and further cultured for 4 d in the presence of recombinant murine IL-2 to obtain sufficient cell numbers.
Cytotoxicity assay. At day 14 after tumor injection, splenocytes (40 Â 10 6 ) were pooled from two mice immunized with young and old OVA PP-DCs or with Dulbecco's PBS and restimulated in vitro with 2 Â 10 6 mitomycin C-treated B16-OVA cells in the presence of recombinant murine IL-2 (5 ng/mL; Peprotech) for 6 d. The cells were then harvested, subjected or not to enrichment of IFN-g + cells, and tested for cytotoxicity against B16 or B16-OVA target cells using the CytoTox 96 assay kit (Promega) according to the manufacturer's instructions. Specific lysis was expressed as the percentage of lysis in B16-OVA targets minus the percentage of lysis in B16 targets, according to the following formula: % cytotoxicity = 100 Â [(experimental À effector spontaneous À target spontaneous) / (target maximum release À target spontaneous release)].
Cytometric Bead Array. Aliquots of splenocytes (2 Â 10 6 /mL) were cultured for 48 h with 2 Â 10 5 UVB-irradiated B16-OVA as previously described (15) . Culture supernatants were collected for measurements of IL-6, IL-10, IL-12, MCP-1, tumor necrosis factor (TNF)-a, or IFN-g cytokine secretion by Cytometric Bead Array assay (BD PharMingen) according to the manufacturer's instructions. Cytokines were quantified on a FACSCalibur with FACSComp software (BD PharMingen).
Analysis of in vivo immune cell infiltrate. Individual tumor cell suspensions were prepared by mechanical disaggregation (Medimachine, BD Biosciences) and FACS analyzed for immune infiltrate using the following antibodies: CD45-PerCP, CD4-FITC, CD8-FITC, CD11c-FITC, Ly-6G-FITC, NK1.1-PE, and CD14-PE (all from BD Biosciences). Fifteenmicrometer beads (5 Â 10 5 /mL) were added to all samples and 100,000 events acquired. The number of infiltrating cells per tumor was determined by the following equation: (number of double-stained events / number of bead events) Â (5 Â 10 5 beads/mL) Â cell sample volume (in mL). Because the tumors were of different sizes, the data were normalized to the tumor weight by dividing the total number of infiltrating cells in each sample by their respective tumor weight.
Statistical analysis. Results are expressed as means F SE. Statistical analyses were done using Student's t test, and P V 0.05 was taken as statistically significant. For multiple comparisons, two-tailed Student's t test was used.
Results
Aged DCs have impaired ability to stimulate CD8 + T-cell proliferation. We have previously reported that old DCs were less effective than young DCs in stimulating the proliferation of OVAspecific CD4 + T lymphocytes (12) . The B16-OVA tumor model suggests that old DCs may also be less capable of supporting cytotoxic CD8 + T-cell function. We therefore compared the proliferation response of OVA-specific T cells from OT-I mice to OVA peptide (257-264) PP-DCs derived from young and old mice. Figure 1A shows that young DCs induce a greater T-cell proliferation than old DCs (P < 0.0025), confirming that the capacity of DCs to stimulate OVA-specific CD8 + T cells is also impaired in aging.
DC-dependent CD8 + T-cell response depends on the interaction of processed antigen with the T-cell receptor in the context of MHC class I molecules and the interaction of costimulatory molecules with their respective cell surface receptors. We first examined the effect of aging on tumor antigen uptake and presentation in the context of MHC class I molecules using whole OVA protein and OVA peptide (257) (258) (259) (260) (261) (262) (263) (264) . As shown in Fig. 1B , phagocytosis of FITC-OVA protein was equally efficient in young and old DCs. Using FITC-OVA peptide (257-264) , we also found that both young and old DCs express similar number of MHC I-peptide complexes on their cell surface, with 50.27 F 9.99% and 53.51 F 5.96% double-positive cells, respectively (Fig. 1C) . Similar results were obtained using FITC-OVA protein (data not shown), suggesting that aging does not significantly affect DC presentation of OVA peptide in the context of MHC class I molecules. Next, we analyzed DCs for the expression of markers relevant to presentation of antigen to T cells. Overall, there was little or no significant difference between young and old OVA PP-DCs in MHC class I, CD80, CD86, CD54, and CD40 expression (Fig. 1D) . Interestingly, a decrease in DC-SIGN (CD209) expression was observed in aging (P < 0.01). This finding is consistent with our previous report showing that decreased DC-SIGN expression in aging may contribute to impaired CD4 + T-cell proliferation in the OT-II model (12) .
DC in vivo trafficking to draining lymph nodes is affected by aging. Migration of DCs to the secondary lymphoid organs is essential for the cells to exert their T-cell regulatory function. To determine in vivo DC trafficking, young and old tDCs were labeled with CMPTX and CFSE, respectively, and equal number of cells mixed together before injection into the footpads of young mice to exclude the influence of the aged microenvironment. Twenty-four hours later, the draining popliteal lymph node was harvested, and fluorescence assessed by fluorescent microscopy. Figure 2A shows representative images, with young DCs in red and old DCs in green. We found that half as many aged DCs were present in the popliteal lymph nodes (P < 0.025; Fig. 2B ). Interestingly, the number of old DCs migrating is the same as young DCs in animals injected with two times more old DCs than young DCs (Fig. 2C) . No additional beneficial effect was observed when three times more old DCs were injected.
Aged DCs have impaired CCR7 signaling and function. Engagement of CCR7 chemokine receptor on DCs to its ligands CCL19 (ELC/MIP-3h) and CCL21 (SLC/6Ckine) in lymph nodes has been identified as the critical event in DC lymphoid homing (16, 17) . To determine whether the impaired migratory function in aged DCs correlates to a decrease in CCR7 function, the chemotactic response of young and old tDCs to CCL21 was determined. Figure 3A shows that CCL21 induced a weaker chemotactic response by old DCs compared with young DCs (P < 0.025). We next examined CCR7 expression of young and old tDCs by FACS. Somewhat surprisingly, the age-dependent reduced CCL21 migration response did not correspond to any significant change in CCR7 surface expression on old tDCs, with 60.2 F 5.48 positive cells as compared with 53.4 F 7.6 for their young counterparts (Fig. 3B) . Comparison of DC CCR7 signaling revealed that CCL21 stimulation + T cells from OT-I transgenic mice were stimulated for 3 d with irradiated class I OVA peptide (257-264) -pulsed young and old DCs at the R/S ratios indicated. Proliferation was determined as described in Materials and Methods. Representative of four independent experiments with at least two mice per age group. B, young and old DCs were incubated with FITC-OVA protein for the indicated times and phagocytosis was analyzed by FACS. Specific uptake was assessed by subtracting the mean fluorescence intensity (MFI ) of cells incubated at 4jC from the value at 37jC. C, DCs were pulsed for 6 h with FITC-labeled OVA peptide (257) (258) (259) (260) (261) (262) (263) (264) and then stained with PE-conjugated MHC class I. Dot plots of a representative experiment of three per age group are shown. D, phenotype of young and old OVA PP-DCs. DCs were pulsed for 6 h with OVA peptide (257) (258) (259) (260) (261) (262) (263) (264) and stained with the indicated antibodies. The percentages of positive cells over isotype-matched controls are shown. Columns, mean of three independent experiments (n = 10 mice per age group); bars, SE. *, P < 0.0025; **, P < 0.05; ***, P < 0.01. (Fig. 3C) , suggesting that the age-dependent impaired CCR7 response may be, in part, secondary to the DC signaling defect in aging.
Aged DCs stimulate a weaker T-cell immune response. We next examined the immune function of T cells in mice treated with DCs. Mice with a 7-day-old B16-OVA tumor were inoculated with either young or old OVA PP-DCs as described previously (12) . Spleens were harvested on day 14 for immune function analysis. First, we measured the OVA peptide-specific CD8 + T-cell frequency by flow cytometry. For this purpose, splenocytes were depleted of CD19 + cells, as the presence of B cells has been shown to interfere with pentamer staining, and stained with anti-CD8-RPE-Alexa Fluor 647 and OVA-Pent-PE mAbs. As shown in Fig. 4A , OVAspecific CD8 + T cells were detectable in both groups of immunized mice. However, the frequency of those T cells decreased by >2.5-fold in mice that received the old PP-DC vaccine, compared with mice receiving the young PP-DC vaccine (mean percent doublepositive cells from three independent experiments, 0.39 F 0.1 versus 1.04 F 0.22; P < 0.025).
Cytotoxic assays using splenocytes obtained from the same vaccinated mice were next done. As shown in Fig. 4B , CTL cells generated from the spleens of young PP-DC-immunized mice showed 68% cytotoxic activity against the B16-OVA cells at an effector/target ratio of 25:1. In contrast, CTLs obtained from the spleens of old PP-DC-immunized mice showed only 26% cytotoxic lysis (P < 0.025). These results confirm that the enhancement of the antitumor effect in mice immunized with young PP-DC vaccine corresponds to augmentation of the cytolytic activity. Interestingly, assessment of cytokine release of activated CTL cells in response to tumor stimulation revealed that T cells from mice receiving the young DCs produced greater amounts of IFN-g (P < 0.005), TNF-a (P < 0.001), IL-10 (P < 0.05), and IL-6 (P < 0.001; Fig. 4C ).
Decreased ability to induce OVA-specific T cells but not impaired migration leads to deficient antitumor immunity. The results presented in Fig. 4 suggest that old DCs stimulate a weaker T-cell response when compared with young DCs. The experiments in Fig. 5 were designed to determine if the lack of proper immune response after stimulation with old DCs is a direct consequence of their inability to migrate to the lymph nodes, and if it reflects a difference in the quality rather than in the quantity of the T cells after young and old DC stimulation. We have shown in Fig. 3C that the in vivo age-associated defect in DC migration could be restored by injecting animals with two times more old DCs. We investigated if the age-associated defect in DC tumor surveillance and T-cell induction could be restored by increasing the number of DCs injected. Young tumor-bearing mice were immunized with Dulbecco's PBS, 2 Â 10 6 young or old PP-DCs as before, or 4 Â 10 6 old PP-DCs. We found that mice immunized with two times more old DCs had similar tumor size (Fig. 5A ) and similar number of OVA-specific CD8 + T cells (Fig. 5B) as those receiving 1Â old DCs. Those values remain significantly lower than those observed in mice receiving young DCs. The results suggest that the defective antigenspecific T-cell induction after stimulation with old DCs is not a consequence of impaired migratory properties of those cells but is, at least in part, related to a qualitative effect on T-cell stimulation.
To further test this hypothesis, we wanted to see if the weaker T-cell response we observed, as defined by reduced cytotoxic activity and IFN-g production ( Fig. 4B and C) , was due to decreased OVA-specific CD8 + T-cell induction by old DCs. As shown in Fig. 5B , total splenic CD8 + T cells obtained from mice immunized with old PP-DCs and restimulated in vitro with OVA peptide have lower IFN-g production as measured by intracellular staining, with a frequency of 1.46 F 0.16% IFN-g positive cells as compared with Figure 2 . In vivo lymph node DC migration in aging. Groups of young mice (n = 3) received 50 AL of equal numbers (2 Â 10 6 ) of CMPTX-labeled young DCs and CFSE-labeled old DCs into their footpad hind. Popliteal draining lymph nodes were excised 24 h later and the frequency of DCs per node was assessed by fluorescent microscopy. A, representative photos (Â200) showing young DCs (red ), old DCs (green ), and the merge picture. Close-up (digital enlargement) of selected fields are also shown. B, percent of red versus green DCs per field was derived from microscope examination data by counting at least 200 cells per group in randomly selected fields. C, similar experiments were done using two times (2Â) and three times (3Â) more old DCs than young DCs.
F 0.35% in CD8
+ T cells from mice immunized with young PPDCs. However, when we assessed IFN-g production among OVAspecific CD8 + T cells by gating on OVA-Pent + CD8 + T cells (elliptic gate in Fig. 5B ), we found no age difference in the ability of those cells to produce IFN-g.
Becker and colleagues (18) have shown that IFN-g + T cells, but not IFN-g À T cells, from tumor-immunized mice were cytolytic and mediate tumor rejection on adoptive transfer. The same authors showed that those cells could be enriched using an IFN-g capture assay.
Using the same technique, we recovered IFN-g-producing CD8 + T cells from 6-day cultures of splenocytes from mice immunized with young and old PP-DC vaccines and repeated the cytotoxic assays using same numbers of those cells. We found that the ability of IFN-g-producing CD8
+ T cells obtained from mice immunized with young DCs to induce lysis of B16-OVA cells was only slightly better (not statistically different) compared with those obtained from mice immunized with old DCs (Fig. 5D ). This result suggests that the quality of the T cells after old DC stimulation on a per cell basis is largely intact and that the defective cytokine production and cytotoxic activity presented in Fig. 4B and C are mainly due to the fact that old DCs induce half as many OVA-specific T cells than young DCs and, therefore, less OVA-specific T cells were added to the assays. In both experiments, increasing the number of old DCs injected did not have any effect on T-cell functions.
Reduced number of intratumor CD8
+ T cells in mice receiving OVA peptide-pulsed old DCs. Tumor rejection is initiated by CD8 CTLs that infiltrate solid tumors. We analyzed by flow cytometry single-cell suspensions from B16-OVA melanoma for the presence of infiltrating leukocytes (CD45 + cells) at 7 days after the initiation of treatment with young and old OVA PP-DCs. For comparison, we also analyzed tumors from mice treated with Dulbecco's PBS. Figure 6A shows the typical data obtained from single untreated, young OVA PP-DC (1Â)-, old OVA PP-DC (1Â)-, and old OVA PP-DC (2Â)-treated mice. Figure 6B summarizes the tumor data from a total of six experiments. Nearly half of the immune cells contained in OVA PP-DC-treated tumors were T cells, whereas in Dulbecco's PBS-treated tumors NK1.1 + cells were the most abundant immune cell subset represented. Interestingly, although both young and old OVA PP-DC treatments could induce the influx of T cells, young OVA PP-DC administration resulted in higher numbers of infiltrating CD8 + T cells compared with old OVA PP-DC-treated mice (P < 0.005). Approximately 66% of the T-cell infiltrates were CD8 + cells in the young DCimmunized group whereas the proportion of CD8 + cells decreased by 20% in the old DC-immunized group, with no change in the total number of lymphocytes. Increasing the number of old DCs injected had no significant effect on the tumor infiltrate composition. Both DC-treated groups also induced an influx of CD11c + Figure 3 . Effect of aging on CCR7 expression and function. A, transwell migration of DCs in response to CCL21 was determined as described in Materials and Methods. Points, average of three independent experiments, each of them with at least three mice per group; bars, SE. B, CCR7 cell surface expression on young and old tDCs. Cells were stained with PE-labeled anti-CCR7 mAb. A representative experiment is shown: open profiles show the background with isotype-matched control antibody; filled profiles show the fluorescence staining of CCR7. C, time-dependent tyrosine phosphorylation of young and old tDCs. Cells were treated with CCL21 for the times indicated and Western blot analysis was done with anti-phosphotyrosine antibody 4G10. The membranes were washed and reprobed with h-actin antibody to control for differences in gel loading. Relative densities of the two most prominent bands in young and old DCs are indicated. Right, band density relative to the value of the young sample with no CCL21 stimulation (arbitrarily defined as equal to 1). The tyrosine phosphorylation results are representative of three independent experiments. cells to the tumor sites, although the results did not reach statistical significance.
Discussion
Despite numerous recent advances in the molecular and cell biology of DCs, only very few groups have addressed the topic of DC function and aging. Some studies have reported no age-related differences between DC numbers, phenotype, morphology, and maturation in human monocyte-derived DCs from young and aged subjects (7, 19, 20) . Others, however, have indicated that migration and phagocytosis of the same DC subset were impaired with aging (21) . A progressive loss of circulating plasmaytoid DCs numbers and a decreased density of Langerhans cells with aging have also been reported (22) (23) (24) . These reports suggest that the aging-associated changes in DCs may vary with the subset of DCs studied, their tissue of residence, and environmental signals. Examining different in vivo models may provide important insight into the effect of age on DC function.
The ultimate goal of tumor DC immunotherapy is to induce strong tumor-specific T-cell-mediated immunity that can block the growth and metastasis of malignant tumor cells in tumor-bearing hosts. In most cases, the development of antitumor immunity requires strategies capable of stimulating CD8 + CTLs. Using the B16-OVA melanoma tumor model, we recently showed that old DCs loaded with specific tumor antigens are less able to control tumor growth. The scope of the present study was to investigate the underlying mechanism responsible for the defective DC antitumor function observed in aging.
The tumor model requires the antigen-loaded DCs to migrate to the lymphoid tissue to stimulate T lymphocytes. Evidence for impaired DC migration in aging includes a recent report showing that recruitment of airway DCs to draining mediastinal lymph nodes may diminish in aged mice (25) . Similarly, the ability of Langerhans cells to migrate to regional lymph nodes declines with age (26, 27) . In the present study, we reported that the vigor of DC migration and subsequent influx of DCs into draining lymph nodes is also affected by aging. We have also shown that aged DCs have impaired capacity to migrate in vitro in response to the CCR7 ligand CCL21. This was not due to a defect in CCR7 protein expression but rather by a defect in signal transduction, as shown by comparison with the pattern of tyrosine phosphorylation using young and old DCs stimulated by CCL21. This is consistent with the recent article from the Gupta group, who reported a decreased in vitro migration toward CCL19, another CCR7 ligand, of monocyte-derived LPSstimulated DCs from elderly subjects as compared with young subjects, despite similar levels of expression of CCR7 (21) . They attributed their results to defects in the downstream signaling pathway, possibly in the phosphatidylinositol 3-kinase pathway. However, the exact mechanism is unknown and further studies will be needed to unravel it. We found that although the impaired in vivo migration of aged DCs can be restored to a level comparable to that seen in young DCs by increasing the quantity of cells injected, the age-associated impairment in tumor surveillance, as defined by tumor growth and antigen-specific T-cell induction, remains, suggesting that DC migration through CCR7-CCL21 interaction is not the primary mechanism for the observed aging defects.
In mouse models using T cells reactive to defined tumor antigens, tumor regression correlated with an early and sustained influx of CD8 + Tcells. We found that the frequency of splenic antigen-specific CD8 + T cells is altered during aging, with a significant decrease in the influx of CD8 + T cells into tumors 7 days after injection of old PP-DCs, as compared with young PP-DC-injected mice. Importantly, effector functions of these antigen-specific T cells, as determined by IFN-g production and cytotoxic activity, were similar to those obtained from mice vaccinated with young OVA PP-DCs on a per cell basis. This suggests that the quality of those Tcells is intact and that decreased Tcell number per se is sufficient to explain the reduced inhibition of tumor growth observed in mice vaccinated with old PP-DCs. One possible explanation could be the impaired in vivo T-cell induction by aged DCs that we described.
For efficient antigen presentation and induction of an immune response by DCs, the number and stability of MHC I-peptide complexes are crucial (28) . Our results showed that there is no age effect on the uptake and surface expression of OVA peptide/MHC I complexes. Because others have shown that aged APCs may require longer periods of contact with CD8 + T cells than young APCs to initiate the same antigen-driven response (29), we performed the same experiments after 24-hour culture and obtained similar results (data not shown). Altogether, the results suggest that difference in the formation and kinetics of MHC class I-OVA peptide complexes on DCs is not responsible for the observed defective DC-mediated antitumor response. Despite intact peptide presentation and no significant change in MHC class I and the classic costimulatory molecules, the proliferation of OT-I T cells + live cells. C, the percentage of IFN-g + cells among OVA-specific CD8 + T cells (determined using the elliptic gate in B ) was assessed in three independent experiments. Horizontal columns, mean; bars, SE. D, IFN-g CD8 + T cells were purified from spleens as described in Materials and Methods and assessed for cytotoxicity using B16-OVA tumor cells as targets. Points, mean of three independent experiments; bars, SE.
was impaired in old DCs. Recently, Geijtenbeek and colleagues (30) identified DC-SIGN as a novel adhesion receptor on DCs that is essential in several key functions throughout the life cycle of DCs, including interactions between DCs and T cells. They showed that DC-SIGN binds intercellular adhesion molecule 3 (ICAM-3) with high affinity and that this cellular interaction establishes the first molecular interaction between DCs and resting cells (31) . In another study, van Gisbergen and colleagues investigated the behavior of DC-SIGN in synapse formation. Using a DC-SIGN deletion mutant, they found that DC-SIGN can recruit lymphocyte function-associated antigen 1 (LFA-1) to the contact site and shift from an initial transient DC-SIGN-ICAM-3 interaction to a more stable LFA-1-ICAM-3 interaction (32). Gijzen and colleagues (33) have shown the relevance of DC-SIGN in DC-induced T-cell proliferation by showing that antibodies against human DC-SIGN inhibit DC-induced proliferation of resting T cells. It is clear from our data that the capacity of DCs to induce T-cell proliferation in vitro is reduced with aging and that this correlates with a selective reduced DC-SIGN expression. Future studies will be needed to establish the exact relationship between those two observations. We are currently in the process of breeding DC-SIGN knockout mice. These mice will help unravel the precise role of DC-SIGN not only in DC-T-cell interaction but also in other important processes in DC biology in which DC-SIGN has been shown to be involved, such as migration and antigen uptake. Additionally, focused microarray experiments that include genes involved in DC antigen uptake, processing, and presentation will enable us to discover other genes that may potentially play a role in these processes.
In summary, we here report a reduced ability of aged DCs to support the induction of antitumor T-cell responses at multiple levels. Treatment of tumors with old OVA PP-DCs eliciting a modest antitumor effect resulted in a substantial decrease in the frequency, but not potency, of antigen-specific CD8 + T cells and a far less pronounced CD8 T-cell infiltration into the tumor mass. Defects affecting DC antigen presentation to T cells could factor into the observed impairment in antitumor immunity, a finding that has important implications for using DC-based immunotherapy in older subjects.
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